Introduction
============

Alzheimer's disease (AD) is a progressive neurodegenerative disorder in which the death of brain cells causes memory loss and cognitive decline, consequently affecting the quality of life of the patients. Despite substantial works, the pathological mechanism of AD remains incompletely understood. Recently, accumulating evidence suggested the significance of the extracellular deposition of amyloid beta (Aβ) peptide in senile plaques; this proposition is known as the "amyloid cascade hypothesis".[@b1-dddt-10-417]--[@b4-dddt-10-417] To ameliorate cognitive deficit and memory dysfunction, most patients with AD are administered acetylcholinesterase inhibitors, which can enhance cholinergic neurotransmission. However, these agents provide unsatisfactory results because of low bioavailability and undesirable side effects.

Phospholipids (PLs) are important components of cell membranes and act as precursors of acetylcholine; therefore, PLs can be adopted as a main source of choline to improve learning and memory abilities. β-Cyclodextrin (β-CD) is a natural cyclic oligosaccharide with a lipophilic central cavity and a hydrophilic outer surface.[@b5-dddt-10-417] Similar to other CDs, β-CD is characterized by its capacities to improve drug stability, increase drug absorption and solubility, control drug release, and mask unpleasant smell;[@b6-dddt-10-417] these properties contribute to the wide application of β-CD in the pharmaceutical field. Chitosan (CTS), a natural cationic polysaccharide composed of glucosamine and *N*-acetylglucosamine by β-(1, 4)-linkage, is well known for its excellent biocompatibility and biodegradability, as well as low toxicity.[@b7-dddt-10-417],[@b8-dddt-10-417] At present, CTS is used as a promising drug carrier in various pharmaceutical formulations, particularly nanodrug delivery systems.[@b9-dddt-10-417] With regard to its strong antioxidant activity, CTS can not only inhibit Aβ formation but can also effectively suppress oxidative stress-induced neurotoxicity,[@b10-dddt-10-417]--[@b12-dddt-10-417] indicating its potential use as a neuroprotective agent. According to our previous study, PLs and CTS can accelerate each other's absorption rate when used in combination, resulting in a sustained therapeutic effect.[@b13-dddt-10-417]

The present study was designed to prepare a micro-sphere delivery system consisting of CTS, PL, and β-CD for AD treatment. First, CTS/PL/β-CD microspheres were prepared by a spray-drying method, and their formulation was optimized with an orthogonal design. The pharmaceutical properties of the microspheres were evaluated on the basis of their morphological information, size, drug-loading capacities, encapsulation efficiency, moisture uptake, water content, and tap density. Their therapeutic effects were then assessed in AD model rats through Morris water maze test, and the possible underlying mechanism was also discussed.

Materials and methods
=====================

Materials
---------

CTS (with a degree of deacetylation of 85%) was purchased from Haili Biological Products Co., Ltd. (Laizhou, Shandong, People's Republic of China). Glacial acetic acid was bought from Qingdao Haibin Reagent Company (Qingdao, People's Republic of China). PLs were supplied by Shanghai Advanced Vehicle Technology Pharmaceutical Co., Ltd. (Shanghai, People's Republic of China). β-CD was obtained from Chengdu Kelong Chemical Reagent Factory (Chengdu, People's Republic of China). Sodium dihydrogen phosphate and disodium hydrogen phosphate were provided by Shanghai Chemical Reagent Company (Shanghai, People's Republic of China). Other chemicals used were of analytical grade.

Preparation and optimization of CTS/PL/β-CD microspheres
--------------------------------------------------------

Predetermined amounts of PLs and β-CD, which were dried in vacuo at room temperature, were dissolved in 200 mL of 1% CTS in acetic acid aqueous solution followed by filtration (0.45 μm syringe filters). Filtrates were subjected to a spray-drying process by using a spray dryer with two-fluid nozzles (Mini Spray-Dryer, B-290; Büchi Labortechnik AG, Flawil, Switzerland). The optimum parameters for the formulation of CTS/PL/β-CD microspheres were determined using an L~9~(3[@b4-dddt-10-417]) orthogonal design with three levels of the four following factors: inlet temperature, feeding rate, air flow rate, and CTS/PL/β-CD ratio ([Table 1](#t1-dddt-10-417){ref-type="table"}). Blank microspheres were prepared using the same procedures for controls. The resultant micro-spheres were collected and stored in a desiccator over anhydrous calcium chloride at room temperature before use.

Characterization of CTS/PL/β-CD microspheres
--------------------------------------------

The microspheres prepared at various CTS/PL/β-CD ratios were sputtered with a thin layer of gold/palladium alloy prior to morphological measurement by scanning electron microscopy (s4500n; Hitachi High-tech Science Corporation, Tokyo, Japan). Their infrared absorption spectra were determined by Fourier transform infrared spectroscopy (Avater-360; Shanghai Lengguang Technology Co., Ltd. Shanghai, People's Republic of China). The scanning process was conducted in the wavenumber range of 400--4,000 cm^−1^. Changes in the thermal property of the microspheres were measured by differential scanning calorimetry (DSC) using DSC7020 (Beijing Saisimeng Instrument Co., Ltd., Beijing, People's Republic of China).

Determination of drug loading and encapsulation efficiency
----------------------------------------------------------

An equivalent of microspheres (100 mg) was first dissolved in 10 mL of 0.5 mol/L acetic acid solution, which was then transferred to a volumetric flask and diluted with distilled water to a final volume of 1.0 L. Afterward, 1 mL of filtrate was added to a 10 mL volumetric flask and diluted to a volume of 10 mL with distilled water. The absorbance of the resultant solution was measured at 605 nm and was then applied to calculate the concentration of CTS by using the following equation: A=0.0593C+0.1459 (n=6; *r*=0.9999). The amount of loaded drug in the microspheres was determined by UV spectrophotometry (UV-Vis with UV-8000A Spectrophotometer; Shanghai Puxi Instrument Factory, Shanghai, People's Republic of China). Drug loading (DL) and encapsulation efficiency (EE) were calculated using the following equations: $$\text{DL}(\%) = \frac{\text{Actual~drug~content}}{\text{Weight~of~the~microspheres}} \times 100$$ $$\text{EE}(\%) = \frac{\text{Actual~drug~content}}{\text{Theoretical~drug~content}} \times 100$$

All tests were performed in triplicate and average values were plotted.

Tap density
-----------

The tap density of the microspheres was determined in accordance with the United States Pharmacopoeia appendix method. Briefly, the microspheres were loaded in a 5 mL test tube before being tapped from a predetermined height (14 mm) on a hard bench top. Mechanical tapping was measured as prescribed (20 times). The test tube was loaded with microspheres until a constant volume was achieved. The microspheres were then weighed while the bulk of the test tube was measured. The Carr's index was calculated using the following equation: $$\text{Carr’s~index}(\%) = \frac{\text{Tapped~density} - \text{Bulk~density}}{\text{Tapped~density}} \times 100$$

Swelling behavior
-----------------

The swelling behavior of the microspheres was assessed by measuring the water uptake. Briefly, dried microspheres were weighed (W~d~) before being dispersed in a 5 mL test tube containing 4 mL of phosphate-buffered saline (pH 6.8). After thorough mixing by vortex for 5 minutes, the resultant mixture was incubated with phosphate-buffered saline at pH 6.8 for 12 hours to achieve swelling equilibrium. Subsequently, the solution was centrifuged and the water on the surface of microspheres was removed with filter paper and weighed immediately on an electronic balance. The weight of swollen microspheres (W~w~) was recorded. The swelling ratio was determined using the following equation: $$\text{Swelling~ratio}\ (\%) = \frac{W_{w} - W_{d}}{W_{w}} \times 100$$

All experiments were performed in triplicate.

Determination of moisture uptake
--------------------------------

Briefly, 100 mg of the microspheres (W~d~) was dried to constant weight under vacuum and then filled into polystyrene tubes. These tubes were placed in a chamber at 40°C/relative humidity (RH) 75%. The weight of the microspheres (W~h~) was recorded at the end of different predetermined intervals (0.5, 1, 2, 4, 8, 12, and 24 hours), in which any increase in weight indicated the amount of moisture uptake. The weight ratio of the absorbed moisture was calculated at each time period as follows: $$\text{Weight~ratio}\ (\%) = \frac{W_{h} - W_{d}}{W_{h}} \times 100$$

Each sample was analyzed thrice.

Moisture content
----------------

The moisture content of the microspheres was estimated through thermogravimetric analysis. Briefly, an appropriate amount of microspheres were placed in a weighing bottle, which was heated from 25°C to 105°C for 4 hours followed by equilibration at 105°C for another 0.5 hour. The microspheres were stored in closed containers at room temperature. Thermogravimetric analysis was performed shortly after spray drying, and the weight loss after drying indicated moisture content.

Animals
-------

Female Wistar rats weighting 260--340 g were obtained from Shandong Lukang Pharmaceutical Co. Ltd (Shandong, People's Republic of China). The animals were maintained in a temperature- and humidity-controlled environment with a 12:12 hour light--dark cycle. Feed and water were available ad libitum. All experimental procedures were conducted in accordance with the US NIH Guidelines for the Care and Use of Laboratory Animals, and the animal study was approved by the animal ethical committee of Weifang Medical University.

### In vivo AD model

A total of 40 rats, which were fasted for 24 hours, were first anesthetized with 10% chloral hydrate before slowly injecting them with 5 mg/mL Aβ~25--35~ in sterile distilled water (incubated at 37°C for 7 days before use) into the hippocampus by using the following stereotaxic coordinates: 3.5 mm posterior to the bregma, 2.5 mm lateral to the midline, and 3.0 mm ventral to the skull surface. Syringe needles were kept in place for 6 minutes before gentle withdrawal. Meanwhile, 10 normal rats were subjected to sham operation.

### Experimental procedures

The model rats were randomly divided into four groups (n=10) according to their corresponding oral administration with normal saline (model group) or 20, 60, or 100 mg/kg/day of CTS/PL/β-CD microspheres in normal saline (low, medium, or high group, respectively) once per day for 30 days. Meanwhile, sham-operated rats were injected with the same volume of normal saline.

### Morris water maze test

The Morris water maze was adopted to determine the effects of CTS/PL/β-CD microspheres on the spatial memory and learning of AD model rats, as described previously.[@b14-dddt-10-417]--[@b16-dddt-10-417] The experimental facilities consisted of a circular water pool and an escape platform located below the water surface and at the center of the southwest quadrant. The indicators of behavior assessment consisted of navigation testing and probe trial. Rats were prehandled within 2 weeks before the Morris water maze test. The rats received four trials daily for 5 days consecutively. Each trial lasted for 120 seconds. At the beginning of each trial, the rats were placed into the water with their noses pointing to the tank wall. Each rat was allowed to swim freely for 120 seconds to seek the platform. If the rats found the platform within 120 seconds, they were allowed to rest on the platform for 5 seconds, and their escape latency was recorded. If the rats failed to reach the platform, they were guided to it and allowed to remain there for 5 seconds, and the score was 120 seconds. The average escape latency was determined for subsequent analysis. The probe trial was conducted on the sixth day when the extent of memory consolidation was assessed. In the probe trial, the platform was removed, and the rats were placed in the northeast quadrant and allowed to swim freely for 120 seconds. The rats received two trials per day. The numbers of crossings over the position at which the platform had been located were recorded as indexes of spatial memory. The results of daily trials were averaged for each rat. All behavioral data were recorded using a computerized video tracking system.

### Immunohistochemical staining

After treatment, the rats were deeply anesthetized with 10% chloral hydrate before perfusion through the heart with normal saline until the liver turned pale. The heart was further perfused with 4% paraformaldehyde until the limb and tail became stiff. The brain was then isolated and fixed in 4% paraformaldehyde for 24 hours before being embedded in paraffin for histological analysis. The obtained paraffin sections (3 μm) were dewaxed and brought to water through graded ethanol. The sections were then incubated with 0.3% H~2~O~2~ at room temperature for 20 minutes to quench endogenous peroxidase activity. Incubation with primary antibodies against protein kinase C-δ (PKC-δ) and ionized calcium-binding adaptor molecule-1 (Iba1) (diluted 1:10) was conducted at 4°C overnight. After washing, the sections were sequentially exposed to secondary antibodies (universal IgG antibody--Fab segment--horse-radish peroxidase multimeric) at 37°C for 30 minutes. The resultant sections were stained with 3,3′-diaminobenzidine at room temperature, placed in hematoxylin, and then mounted with neutral resin. Images were observed and captured with the Leica DM1000 automated upright microscope system.

### Statistical analysis

All data in different experiments are shown as mean ± standard deviation (SD). Differences between the groups were assessed by one-way analysis of variance (ANOVA). Significant differences were represented as *P*\<0.05.

Results and discussion
======================

Orthogonal design for the optimization of experimental conditions
-----------------------------------------------------------------

DL and EE are important indexes to assess the quality of microspheres. To optimize the formulation, an L~9~(3^4^) orthogonal design was established in which four factors, namely, inlet temperature, feeding rate, air flow rate, and CTS:PL:β-CD ratio (labeled as A, B, C, and D in [Table 2](#t2-dddt-10-417){ref-type="table"}), were investigated at three levels. The microspheres produced DL ranging from 0.21% to 5.08% and EE from 0.50% to 9.53%. The DL and EE values increased with the increase in drug-to-carrier ratio. As shown in [Table 2](#t2-dddt-10-417){ref-type="table"}, the optimal formulation was drawn as follows: 150°C inlet temperature, feeding rate of 8 mL/min, air flow rate of 300 L/h, and CTS/PL/β-CD ratio of 1:1:0.33.

Characteristics of the microspheres
-----------------------------------

### Particle size and morphology

CTS/PL/β-CD microspheres were produced using predetermined parameters in the spray-drying process, and their morphological information was estimated by scanning electron microscopy. After spray drying at a ratio of 3:1:0.67, the obtained micrographs indicated a broader size distribution ([Figure 1](#f1-dddt-10-417){ref-type="fig"}). A larger particle size can be obtained by decreasing the compressed air flow, increasing the feed rate, or raising the nozzle diameter.[@b17-dddt-10-417] In this study, the increase in particle size may be attributed to the difference in the rate of feeding. Nebulization of feeds at a higher rate may result in the formation of larger particles.[@b18-dddt-10-417] Furthermore, microspheres A, B, E, F, G, and I ([Figure 1](#f1-dddt-10-417){ref-type="fig"}) showed a regular spherical shape and adhesion phenomenon, indicating their unsatisfactory fluidity. Some crystals were also found on the surface of these microspheres because CTS or PL was unsuccessfully entrapped within them. Similar to previous reports,[@b19-dddt-10-417] wrinkled surfaces were observed on the microspheres, which may have resulted from excessive vapor pressure in the spray-drying process.[@b20-dddt-10-417] Under the same conditions, smaller, well-distributed microspheres were prepared using a nozzle orifice diameter of 1.4 mm instead of 0.7 mm. Microsphere J was prepared using the optimal formulation and it presented a uniform spherical shape and slightly wrinkled surfaces ([Figure 1](#f1-dddt-10-417){ref-type="fig"}). The wrinkled particles exhibited a higher area for specific surface and were easier to disperse.[@b21-dddt-10-417]

### Fourier transform infrared spectroscopy

The Fourier transform infrared spectra of CTS, PL, CTS/PL, and CTS/PL/β-CD microspheres are shown in [Figure 2](#f2-dddt-10-417){ref-type="fig"}. The strong peaks at 1,735 and 1,156 cm^−1^ in PLs were attributed to C=O and P=O stretches, respectively. The strong peaks at 2,905 and 2,996 cm^−1^ and the weak peaks at 1,400 cm^−1^ in PLs resulted from the stretching and deformation of methyl groups. No significant differences were found among the spectra of CTS ([Figure 2A](#f2-dddt-10-417){ref-type="fig"}), PL ([Figure 2B](#f2-dddt-10-417){ref-type="fig"}), and CTS/PL microspheres ([Figure 2C](#f2-dddt-10-417){ref-type="fig"}); briefly, no interaction existed between CTS and PL. In CTS/PL/β-CD microspheres ([Figure 2D](#f2-dddt-10-417){ref-type="fig"}), strong bands at 3,000 cm^−1^ were observed, indicating the formation of intermolecular hydrogen bonds between CTS (N--H stretch) and β-CD (O--H stretch). The peak at 3,400 cm^−1^ was remarkably strengthened, which showed an overlap between β-CD (O--H stretch) and CTS (O--H stretch, N--H stretch) after spray drying. The peaks at 1,300 to 900 cm^−1^ were markedly enhanced because of the increase in the stretching vibration of C--H, C--O, and P--O single bonds and C=O, P=O double bonds.[@b22-dddt-10-417]

### Differential scanning calorimetry

DSC provides precise and accurate quantitative data because of separate treatment of the sample and the reference based on the power-compensated "null balance" principle.[@b23-dddt-10-417] The DSC thermograms of CTS/PL/β-CD microspheres, CTS alone, PL alone, and PL/β-CD mixture are shown in [Figure 3](#f3-dddt-10-417){ref-type="fig"}. The presence of several smaller peaks under 100°C indicated that the samples were not dry. The thermogram of CTS showed a weak peak at 288.94°C and a strong peak at 502.78°C, which represented the side-chain and backbone endothermic peaks, respectively. By contrast, the thermogram of PL displayed double peaks at 368.87°C and 394.38°C, which represented the side-chain and backbone endothermic peaks at 517.60°C. In the thermogram of PL/β-CD, endothermic peaks were produced at 373.61°C and 374.66°C for the side chain and at 511.26°C for the backbone. Furthermore, the thermogram of CTS/PL/β-CD exhibited two endothermic peaks at 302.68°C and 343.37°C, as well as a single peak at 481.19°C, resulting in the splitting of melting endotherms of the side chain and backbone. These results demonstrated that the degradation temperature of CTS/PL/β-CD was lower than those of PL and PL/β-CD.

### Moisture content

High moisture content may cause particle agglomeration, thereby decreasing the stability of the microspheres and their active components. Normally, the moisture content of particles should be \<10%.[@b18-dddt-10-417] In the present study, the moisture content of the microspheres ranged from 5.01% to 8.42%, which was low enough to assure the stability of the micro-spheres ([Figure 4](#f4-dddt-10-417){ref-type="fig"}). Microspheres A and G presented large SD probably because the samples were placed in the inlet of the oven. The moisture contents of microspheres A, E, and I increased along with the increase of CTS concentrations, as well as microspheres B, F, G and C, D, H, indicating a possible relationship between moisture content and CTS. Low moisture content is highly desirable in microspheres, as it may hinder interparticle cohesion, avoid drug degradation, and attain long-term stability.[@b24-dddt-10-417] By contrast, high moisture content may negatively affect the stability of powders.[@b25-dddt-10-417]

### Swelling behavior

Swelling behavior is essential to estimate the stability, adhesive capacities, release of loaded drugs, and cohesiveness of the microspheres. Bi et al[@b26-dddt-10-417] reported that low swelling behavior facilitates the stability of microspheres. As shown in [Figure 5](#f5-dddt-10-417){ref-type="fig"}, the swelling rates of microspheres A, E, and I increased along with the increase of CTS concentrations, as well as microspheres B, F, G and C, D, H. However, no statistical differences in swelling behavior were observed, which may be explained by the various amounts of CTS used in the microspheres. By contrast, microspheres E, F, and H presented larger SD probably because the drug was swelled at different levels of dryness. In addition, drug powders were observed on filter sheets. The swelling behavior of microspheres can significantly influence the release of loaded drugs.[@b20-dddt-10-417] In the current study, loaded drugs were easier to release from the microspheres at a higher swelling rate. Therefore, the microspheres demonstrated good controlled-release capacity and can be applied as carriers for drug delivery.

### Tapped density

Tapped density is a significant physical property of microspheres, which provides important information about the true density, porosity of the particles, and particle-size distribution.[@b27-dddt-10-417] The Carr's index is considered to be an indirect index for the evaluation of powder flowability. Microspheres with \>25% Carr's index are more likely to flow poorly. Typically, low bulk and tapped density indicate poor powder flowability.[@b28-dddt-10-417] In the current study, the tapped density of the microspheres ranged from 0.283 to 0.348 g/mL ([Figure 6](#f6-dddt-10-417){ref-type="fig"}). The compressibility index of all the microspheres ranged from 12.9% to 24.9%, indicating good flow characteristics.[@b27-dddt-10-417] According to our previous study, the microspheres after spray drying are useful in a pulmonary drug delivery system, with satisfactory flowability and dispersibility.[@b29-dddt-10-417] These results indicate that the spray-drying conditions exerted no effect on tapped density, but this parameter increased along with the increase of the CTS ratio. The SD values of B and I were larger because of different knocking degrees to powder. Tapped density can be adopted as an indirect criterion to assess the abilities of microspheres to withstand the processing stresses of coating and drying; a denser material is more tolerant to stresses.[@b30-dddt-10-417]

### Moisture uptake

The duration of moisture uptake in the microspheres at 40°C/RH 75% is shown in [Figure 7](#f7-dddt-10-417){ref-type="fig"}. The humidity rates of microspheres A--I within 0.5 hour were 3.98%--4.42%, 4.10%--4.48%, 5.27%--5.95%, 5.50%--6.06%, 3.53%--4.43%, 4.64%--5.92%, 3.67%--4.21%, 3.65%--4.59%, and 3.64%--4.14%, respectively. When the exposure time was extended, the humidity rates increased and achieved equilibrium within 6 hours. Thus, a slight increase in humidity was observed when the microspheres were exposed at the same condition for 12 hours, namely 11.99%--12.21%, 11.95%--12.41%, 12.39%--13.03%, 12.60%--12.90%, 11.36%--11.74%, 11.99%--12.69%, 11.08%--11.76%, 12.11%--12.61%, and 10.98%--11.76%, respectively. In addition, the moisture uptake of the microspheres increased along with the increase of the CTS ratio ([Figure 7](#f7-dddt-10-417){ref-type="fig"}). These results indicated that the microspheres can absorb moisture at 40°C/RH 75%. However, absorption may not occur if the microspheres are stored in inhalers. Considering that the humidity rate of the microspheres affects their stability and absorption in vivo, the microspheres should be kept from humid conditions during storage.

Morris water maze acquisition
-----------------------------

To determine whether CTS/PL/β-CD microspheres can attenuate AD-induced cognitive impairments, the learning and memory abilities of AD model rats were examined using the Morris water maze. Several studies have reported that Aβ~25--35~ induced memory deficit in rat hippocampus, and it was used to successfully establish an AD model by Morris water maze.[@b16-dddt-10-417],[@b31-dddt-10-417],[@b32-dddt-10-417] In the present study, we selected rats to develop an AD model by injecting Aβ~25--35~ in the hippocampus. As shown in [Table 3](#t3-dddt-10-417){ref-type="table"}, the mean time spent on day 1 in escape latency was approximately 20 seconds in all groups, without any statistical intergroup differences. On day 14, an obvious increase was observed. A significant difference in escape latency (40.92±3.83 vs 17.45±5.47 seconds; *P*\<0.01) was shown between the model and control rats. These results demonstrated the successful establishment of the AD model rats through injection of Aβ~25--35~ in the hippocampus. As presented in [Table 3](#t3-dddt-10-417){ref-type="table"}, the escape latency (17.82±1.66 seconds in the low-dose group, 16.86±3.12 seconds in the medium-dose group, and 15.75±1.59 seconds in the high-dose group vs 37.98±7.14 seconds in the model group; *P*\<0.01) was remarkably different between the treatment and model groups. These results indicated that CTS/PL/β-CD micro-spheres can ameliorate the impairment of memory and learning abilities of rats induced by Aβ~25--35~.

In the probe trial of the Morris water maze test, the rats in the model group swam around the entire pool and searched for the target platform without awareness. By contrast, the rats in the control and treatment groups swam in the target quadrant. The numbers of times crossing the platform position (1.1±0.21 times vs 4.80±0.63 times; *P*\<0.01) were significantly different between the model and control rats. On day 30, the rats in the model group swam aimlessly in the tank. As shown in [Table 4](#t4-dddt-10-417){ref-type="table"}, the numbers of times crossing the platform position (3.4±0.46 times in the low-dose group, 3.9±0.39 times in the medium-dose group, and 4.2±0.63 times in the high-dose group vs 1.3±0.48 times in the model group; *P*\<0.01) significantly differed between the treatment and model groups. These results indicated that injection of Aβ~25--35~ induced deficits in spatial memory, which can be alleviated by administration of CTS/PL/β-CD microspheres.

These results indicated that rats after Aβ~25--35~ injection showed behavioral changes, including reduced learning and memory. The learning and memory alterations in the Morris water maze test of the current study were consistent with previous reports,[@b31-dddt-10-417]--[@b34-dddt-10-417] which demonstrated that central administration of β-amyloid peptides in rats can induce amnesia. Aβ~25--35~ aggregation is an important factor to neurotoxicity. Recent studies indicated that Aβ~25--35~ injection can markedly facilitate the onset of learning deficits.[@b33-dddt-10-417]

Effect of CTS/PL/β-CD microspheres on the amounts of PKC-δ in the hippocampus
-----------------------------------------------------------------------------

Recent reports showed that PKC-δ imbalance is important to cognitive impairment.[@b35-dddt-10-417] In the current study, AD model rats exhibited a considerable amount of immunoreactive cells in the cytoplasm ([Figure 8E](#f8-dddt-10-417){ref-type="fig"}). However, fewer immunoreactive neurons were found in the cytoplasm of control rats ([Figure 8A](#f8-dddt-10-417){ref-type="fig"}). Quantification analysis revealed significantly fewer immunoreactive neurons in the control group than in the model group (*P*\<0.05; [Table 5](#t5-dddt-10-417){ref-type="table"}). Additionally, the number of immunoreactive neurons was remarkably higher in the model group than in the other groups ([Figure 8B--E](#f8-dddt-10-417){ref-type="fig"}). Significantly fewer immunoreactive neurons were also detected in the treatment groups than in the model group (*P*\<0.05). These results suggested that PKC-δ overexpression in the rat hippocampus led to NF-κB activation and caused an inflammatory response,[@b36-dddt-10-417] which are both essential to the etiology of AD. However, administration of CTS/PL/β-CD microspheres can prevent or weaken PKC-δ overexpression. In the present study, Aβ~25--35~ injection significantly increased the number of inflammatory cells in the hippocampus of AD rats, and PLs were found to reduce inflammation. However, this increase can be alleviated by CTS/PL/β-CD microspheres. The results were consistent with a report that PLs can effectively improve cognitive impairment. These results provided further evidence that CTS/PL/β-CD microspheres can exert a good therapeutic effect on AD by increasing doses.

Effect of CTS/PL/β-CD microspheres on Iba1 expression in the hippocampus
------------------------------------------------------------------------

In addition to PKC-δ overexpression, another key feature of AD neuropathology is microglia activation. Recently, researchers have demonstrated that Aβ~25--35~ can activate rat microglia, leading to neurodegeneration.[@b37-dddt-10-417] Microglia is an integral component of cored plaques in the brain with AD.[@b38-dddt-10-417] In the current study, microglial cells in the rats' brain sections were visualized immunohistochemically by using Iba1 antibody.[@b39-dddt-10-417] Hence, this study investigated the effects of CTS/PL/β-CD microspheres on Aβ~25--35~-induced microglia activation. As shown in [Table 5](#t5-dddt-10-417){ref-type="table"} and [Figure 9](#f9-dddt-10-417){ref-type="fig"}, the majority of positive microglias exhibited a resting morphology in the saline-injected hippocampus ([Figure 9A](#f9-dddt-10-417){ref-type="fig"}), whereas the model group showed activated microglias with large and thick cell bodies, as well as enhanced staining intensity processes ([Figure 9E](#f9-dddt-10-417){ref-type="fig"}). Treatment with CTS/PL/β-CD microspheres gradually decreased the number of activated microglias compared with that in the model group ([Figure 9B--D](#f9-dddt-10-417){ref-type="fig"}). These results indicated that CTS/PL/β-CD microspheres can inhibit the Aβ~25--35~-induced activation of microglia. Iba1 was detected in most cells, indicating microglia activation. CTS/PL/β-CD microspheres inhibited β-amyloid peptide deposition and microglial reaction. These findings demonstrated that the microspheres suppress microglia activation; hence, the CTS/PL/β-CD microspheres are promising agents to treat AD.

Conclusion
==========

In this work, CTS/PL/β-CD microspheres were prepared by spray drying and optimized with an orthogonal design. The optimal formulation was established as follows: inlet temperature of 150°C, feeding rate of 8 mL/min, air flow rate of 300 L/h, and CTS/PL/β-CD ratio of 1:1:0.33. Under the optimized conditions, the CTS/PL/β-CD microspheres exhibited positive characteristics such as uniform morphology and high specific surface area. Immunostaining analysis revealed that oral administration of CTS/PL/β-CD microspheres inhibited PKC-δ overexpression and microglia activation. In summary, this study established an optimum formulation for CTS/PL/β-CD microspheres, which are of potential value to treat AD.
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![The SEM of spray-drying microspheres.\
**Notes:** The magnification is 3,000×. (**A**) 190°C, 12 mL/min, 700 L/h, 1:1:0.33; (**B**) 190°C, 8 mL/min, 400 L/h, 2:1:0.33; (**C**) 190°C, 14 mL/min, 300 L/h, 3:1:0.67; (**D**) 170°C, 12 mL/min, 400 L/h, 3:1:0.67; (**E**) 170°C, 8 mL/min, 300 L/h, 1:1:0.33 (**F**) 170°C, 14 mL/min, 700 L/h, 2:1:0.33; (**G**) 150°C, 12 mL/min, 300 L/h, 2:1:0.33; (**H**) 150°C, 8 mL/min, 700 L/h, 3:1:0.67; (**I**) 150°C, 14 mL/min, 400 L/h, 1:1:0.33; and (**J**) 150°C, 8 mL/min, 300 L/h, 1:1:0.33.\
**Abbreviation:** SEM, scanning electron microscope.](dddt-10-417Fig1){#f1-dddt-10-417}

![The FTIR spectra of (**A**) CTS, (**B**) PL, (**C**) CTS/PL MS, and (**D**) CTS/PL/β-CD MS.\
**Abbreviations:** FTIR, Fourier transform infrared; CTS, chitosan; PL, phospholipid; MS, microspheres; β-CD, β-cyclodextrin.](dddt-10-417Fig2){#f2-dddt-10-417}

![The DSC thermograms of (**A**) CTS/PL/β-CD microspheres, (**B**) CTS, (**C**) PL, and (**D**) PL/β-CD mixture.\
**Abbreviations:** DSC, differential scanning calorimetry; CTS, chitosan; PL, phospholipid; β-CD, β-cyclodextrin.](dddt-10-417Fig3){#f3-dddt-10-417}

![The moisture content of microspheres under different fabrication conditions.](dddt-10-417Fig4){#f4-dddt-10-417}

![The swelling ratio of microspheres under different fabrication conditions.](dddt-10-417Fig5){#f5-dddt-10-417}

![The tapped density of microspheres under different fabrication conditions.](dddt-10-417Fig6){#f6-dddt-10-417}

![The moisture absorption rates of microspheres under different fabrication conditions.](dddt-10-417Fig7){#f7-dddt-10-417}

![Effects of CTS/PL/β-CD microspheres on the quantities of PKC-δ in the hippocampus by immunohistochemistry staining (light microscope, ×400).\
**Notes:** (**A**) Control group, (**B**) high-dose group, (**C**) medium-dose group, (**D**) low-dose group, and (**E**) model group.\
**Abbreviations:** CTS, chitosan; PL, phospholipid; β-CD, β-cyclodextrin; PKC-δ, protein kinase C-δ.](dddt-10-417Fig8){#f8-dddt-10-417}

![Effects of CTS/PL/β-CD microspheres on the quantities of Iba1 in the hippocampus by immunohistochemistry staining (light microscope, ×400).\
**Notes:** (**A**) Control group, (**B**) high-dose group, (**C**) medium-dose group, (**D**) low-dose group, and (**E**) model group.\
**Abbreviations:** CTS, chitosan; PL, phospholipid; β-CD, β-cyclodextrin; Iba1, ionized calcium-binding adaptor molecule-1.](dddt-10-417Fig9){#f9-dddt-10-417}

###### 

The factors and levels discussed in the orthogonal design

  Levels   Factors              
  -------- --------- ---- ----- ----------
  1        190       12   700   1:1:0.33
  2        170       8    400   2:1:0.33
  3        150       14   300   3:1:0.33

**Abbreviations:** Tinlet, inlet temperature; CTS, chitosan; PL, phospholipid; β-CD, β-cyclodextrin.

###### 

Results of the orthogonal design

  Run number   A (°C)   B (mL/min)   C (L/h)   D          DL (%)      EE (%)
  ------------ -------- ------------ --------- ---------- ----------- -----------
  1            190      12           700       1/1/0.33   3.07±0.13   7.15±0.46
  2            190      8            400       2/1/0.33   2.70±1.78   3.39±1.13
  3            190      14           300       3/1/0.67   2.44±1.31   3.77±1.23
  4            170      12           400       3/1/0.67   0.21±0.04   0.50±0.13
  5            170      8            300       1/1/0.33   3.14±2.31   5.01±1.45
  6            170      14           700       2/1/0.33   0.42±0.12   0.71±0.22
  7            150      12           300       2/1/0.33   4.93±0.16   8.71±0.23
  8            150      8            700       3/1/0.67   4.03±0.57   7.78±0.32
  9            150      14           400       1/1/0.33   5.08±0.15   9.53±0.69

**Notes:** A, inlet temperature; B, feeding rate; C, air flow rate; and D, CTS/PL/β-CD ratio. Data in the "DL" and "EE" columns presented as mean ± standard deviation.

**Abbreviations:** CTS, chitosan; PL, phospholipid; β-CD, β-cyclodextrin; DL, drug loading; EE, encapsulation efficiency.

###### 

Effects of microspheres on escape latency in rats

  Groups              Preoperative (t/s)   Postoperative 14 days (t/s)                             Postoperative 30 days (t/s)
  ------------------- -------------------- ------------------------------------------------------- -------------------------------------------------------
  Control group       21.04±5.75           17.45±5.47                                              11.78±2.66[b](#tfn5-dddt-10-417){ref-type="table-fn"}
  Model group         20.99±2.86           40.92±3.83[a](#tfn4-dddt-10-417){ref-type="table-fn"}   37.98±7.14
  Low-dose group      20.13±6.97           38.73±2.48[a](#tfn4-dddt-10-417){ref-type="table-fn"}   17.82±1.66[b](#tfn5-dddt-10-417){ref-type="table-fn"}
  Medium-dose group   21.70±8.32           37.47±2.89[a](#tfn4-dddt-10-417){ref-type="table-fn"}   16.86±3.12[b](#tfn5-dddt-10-417){ref-type="table-fn"}
  High-dose group     22.21±3.92           36.94±2.94[a](#tfn4-dddt-10-417){ref-type="table-fn"}   15.75±1.59[b](#tfn5-dddt-10-417){ref-type="table-fn"}

**Notes:**

*P*\<0.01 versus control group;

*P*\<0.01 versus model group. Data (mean ± SD, n=10) obtained after the same treatment day are significantly different.

**Abbreviations:** SD, standard deviation; t/s, time/second.

###### 

Effects of microspheres on the numbers of crossings over the former location of the platform by rats

  Groups              Preoperative (time)   Postoperative 14 days (time)                           Postoperative 30 days (time)
  ------------------- --------------------- ------------------------------------------------------ ------------------------------------------------------
  Control group       4.10±0.66             4.80±0.63                                              4.65±0.58[b](#tfn8-dddt-10-417){ref-type="table-fn"}
  Model group         4.20±0.54             1.10±0.21[a](#tfn7-dddt-10-417){ref-type="table-fn"}   1.30±0.48
  Low-dose group      4.15±0.58             1.15±0.24[a](#tfn7-dddt-10-417){ref-type="table-fn"}   3.40±0.46[b](#tfn8-dddt-10-417){ref-type="table-fn"}
  Medium-dose group   4.05±0.68             1.35±0.47[a](#tfn7-dddt-10-417){ref-type="table-fn"}   3.90±0.39[b](#tfn8-dddt-10-417){ref-type="table-fn"}
  High-dose group     4.25±0.68             1.30±0.42[a](#tfn7-dddt-10-417){ref-type="table-fn"}   4.20±0.63[b](#tfn8-dddt-10-417){ref-type="table-fn"}

**Notes:**

*P*\<0.01 versus control group;

*P*\<0.01 versus model group. Data (mean ± SD, n=10) obtained after the same treatment day are significantly different.

**Abbreviation:** SD, standard deviation.

###### 

Effects of microspheres on the expression of PKC-δ and Iba1

  Groups              PKC-δ                                                   Iba1
  ------------------- ------------------------------------------------------- -------------------------------------------------------
  Control group       15.0±3.68[a](#tfn10-dddt-10-417){ref-type="table-fn"}   16.2±3.32[b](#tfn11-dddt-10-417){ref-type="table-fn"}
  High-dose group     25.9±3.17[a](#tfn10-dddt-10-417){ref-type="table-fn"}   33.0±5.20[b](#tfn11-dddt-10-417){ref-type="table-fn"}
  Medium-dose group   30.9±3.69[a](#tfn10-dddt-10-417){ref-type="table-fn"}   39.4±4.25[b](#tfn11-dddt-10-417){ref-type="table-fn"}
  Low-dose group      34.5±3.77[a](#tfn10-dddt-10-417){ref-type="table-fn"}   45.3±7.14[b](#tfn11-dddt-10-417){ref-type="table-fn"}
  Model group         41.8±4.23                                               56.1±7.07

**Notes:**

*P*\<0.05 versus model group;

*P*\<0.05 versus model group. Data (mean ± SD, n=10) are obtained on the same day of treatment.

**Abbreviations:** SD, standard deviation; PKC-δ, protein kinase C-δ; Iba1, ionized calcium-binding adaptor molecule-1.
